Abstract-We have examined the role of microbial communities on the surface of submersed macrophytes and in the underlying sediment for nitrification and denitrification in light and dark in NH -enriched microcosm systems using isotope ϩ 4 pairing and dilution techniques. Potamogeton pectinatus L. and intact sediment cores were collected in a shallow reservoir receiving treated municipal wastewater and containing dense submersed vegetation. Chambers containing P. pectinatus shoots, sediment, or both P. pectinatus shoots and sediment were exposed to 6 h of darkness, 6 h of light, and 6 h of darkness.
Submersed macrophytes provide a large accessible surface area for attached microorganisms (Sculthorpe 1967) . Epiphytic microbial communities can play a major role in the transformation of inorganic nutrients in shallow freshwater environments with submersed vegetation (Mickle and Wetzel 1978) . Submersed macrophytes can sustain high denitrification rates in nutrient-rich freshwater environments (Eriksson and Weisner 1996, 1997) and may support high abundances of attached nitrifying bacteria (Eighmy and Bishop 1989) . Several studies involving N budgets in freshwater systems support the idea that submersed macrophytes can enhance N removal by offering surfaces that can hold populations of both nitrifiers and denitrifiers (Reddy and De Busk 1985; Eighmy and Bishop 1989; Körner 1997) .
In submersed vegetation, there is an exchange of photosynthetic gases, i.e., O 2 and CO 2 , between leaf surfaces and surrounding water. Due to the often reduced water movements in dense stands of submersed macrophytes (e.g., Loose and Wetzel 1993) , limiting gas exchange with the atmosphere and water exchange with areas of air-equilibrated water, the metabolic activity of submersed macrophytes and their epiphytes can produce conspicuous changes in the concentrations of O 2 , dissolved inorganic carbon (DIC), and pH (Pokorny et al. 1984; Prahl et al. 1991) . However, although changes in the water chemistry produced by submersed macrophytes have been recognized in several studies, they have not been put together with activity measurements of bacterial N transformations.
The gas exchange at submersed leaf surfaces may have a strong impact on bacterial N transformations in epiphytic microbial communities and, through water column-sediment interactions, on N transformations in the sediment. Macrophytes may affect sediment processes not only through the growth and metabolism of their roots, which has been shown earlier (e.g., Reddy et al. 1989) , but also by influencing the characteristics of the overlying waters. The transition of NH to NO in sediment and epiphytic populations of ni-
trifiers may, in daylight, be stimulated by the photosynthetic release of O 2 from submersed vegetation. In addition to producing O 2 , the primary production of the epiphyte-macrophyte association may, because of the dependence of NH -
oxidizing bacteria on an alkaline pH and of the generation of acid that necessarily accompanies nitrification, promote epiphytic nitrification by raising pH of the interstitial water within the epiphytic communities. Epiphytic nitrifying bacteria in eutrophic waters may also be supported by the presence of precipitated particulate CaCO 3 on the leaves, which may buffer pH within the epiphytic community during nighttime when primary production is absent. Thus, the metabolism of the macrophyte substrata may create a favorable environment for attached nitrifiers. As opposed to daytime, when there is a net production of O 2 , the macrophyte-epiphyton complex at night may be of importance in lowering the O 2 concentration of the water by respiratory consumption (Sand-Jensen et al. 1985) . Respiration in dense stands of submersed vegetation at night may cause a shift from aerobic to anaerobic bacterial respiration, i.e., denitrification in epiphytic communities, and may also stimulate sediment denitrification by lowering O 2 concentrations of the overlying water. Consequently, it appears that the metabolic activity of submersed vegetation in shallow aquatic environments and the associated macrophyte-water gas exchange may promote a coupling between nitrification and denitrification, i.e., the sequence of NH oxidation to NO by nitrifying bacteria
and subsequent denitrification of NO to N 2 .
Ϫ 3
In the aquatic ecosystem from which we collected macrophytes and sediment (see below), Eriksson and Weisner (1997) measured denitrification in epiphytic microbial communities and in the sediment. However, denitrification was measured only in darkness and in systems containing sediment or macrophytes, but not both. Furthermore, Eriksson and Weisner (1997) did not measure nitrification and coupled nitrification-denitrification. The aim of the present study was to investigate the importance of the metabolic activity of submersed vegetation on nitrification, denitrification, and coupled nitrification-denitrification and to study interactions between the bacterial N transformations in the epiphytic microbial communities and in the sediment. The aim was also to investigate the role of these habitats for nitrification and denitrification in light and dark. In a laboratory experiment, 14 NH and 15 NO were added to chambers with intact sedi-
ment, submersed macrophytes with epiphytic communities, or both sediment and macrophytes. Rates of nitrification and denitrification were determined using isotope pairing and dilution techniques (Koike and Hattori 1978; Nielsen 1992 ervoir was 1-2 d. The system has previously been described in more detail (Eriksson and Weisner 1997) . The water depth at the sampling site was 0.4-0.5 m. Sediment samples were taken by inserting Plexiglas cylinders (50-cm length, 7-cm inner diameter, volume ϭ 1.9 liter) into the sediment and enclosing sediment and overlying water in the cylinders. Sediment-column depths in the chambers were 10-12 cm (volume ϭ ca. 0.4 liter). Submersed P. pectinatus shoots, 30-40-cm stem length, were cut off into separate chambers, which were sealed and brought to the surface. Roots and rhizomes were not included. All of the chambers were sealed with butyl rubber stoppers. The plant material and intact sediment cores were transported to the laboratory. The chambers were stored for 24 h in darkness prior to incubation. During storage and subsequent incubation, a temperature of 20ЊC was maintained. Prior to incubation, the overlying water in 10 chambers containing sediment was carefully siphoned out of the chambers. They were then completely filled by carefully siphoning simulated wastewater (Table 1) into the systems without disturbing the sediment. To avoid unnatural illumination of the sediment during incubation, the lower part of the sediment chambers was wrapped in aluminum foil. Water was also siphoned out of five chambers containing macrophyte shoots, and simulated wastewater was added. The shoots in five additional macrophyte chambers were transferred to five of the sediment chambers to which simulated wastewater had been added. The macrophytes were floating in the water and were not in contact with the underlying sediment.
The experimental design consisted of five chambers containing shoots of P. pectinatus, sediment, or both shoots and sediment, respectively. There was no gas phase in the incubation chambers, which were sealed with closely fitting Plexiglas caps with jointing rubber rings. The water column in each chamber was gently stirred by a small 3-cm Tefloncoated rotating magnet, placed 10 cm below the cap and driven by an external magnet (47 rpm). Prior to incubation, 15 NO N (99.9 atom % enrichment) and 14 NH -N were add-
ed to obtain a final concentration of 5 and 15 mg liter Ϫ1 , respectively, in the water phase of the chambers. These concentrations are similar to those in the reservoir (Eriksson and Weisner 1997) and are also commonly found among treatment wetlands or reservoirs (Hammer and Knight 1994) . The chambers were incubated for 18 h, during which time they were exposed to 6 h of darkness, 6 h of light (200 mol quanta m Ϫ2 s Ϫ1 , mercury lamp), and 6 h of darkness, in that order. Initially and after every 6 h, 60-ml water samples were taken from each chamber using a plastic syringe and replaced by simulated wastewater. Prior to each sampling, the cap of the chambers was removed, and the water phase was very gently mixed with a 30-cm-long stainless steel forceps, making sure not to stir the water surface or the sediment. Twenty milliliters of the samples was immediately frozen and later analyzed for NH N and (NO ϩ NO ) N by using
colorimetric methods (Chaney and Marbach 1962; Wood et al. 1967 ). The remaining water was transferred to three rubber-stoppered airtight 12-ml glass vials (Exetainer, Labco) and used for analysis of O 2 , DIC, and the 14 NO and
NO content of the water (these vials were frozen), re-Ϫ 3 spectively. Immediately after sampling, the O 2 samples were fixed using the Winkler method, and DIC was analyzed with a Shimadzu TOC-5000 C analyzer. No more than 12 h after fixation, dissolved O 2 concentrations were determined by using an automatic potentiometric titrator (Mettler DL 21). The 14 NO and 15 NO content of the water was determined using Ϫ Ϫ 3 3 a previously described assay (Risgaard-Petersen et al. 1993) . Nitrification was determined using the isotope-dilution method of Koike and Hattori (1978) . To examine the production of 29 N 2 and 30 N 2 , water was transferred to two airtight 12-ml vials (see above) initially, and replaced by simulated wastewater, and at the end of the incubation after sediment and water was mixed. The N 2 samples were fixed by adding 200 l of 7.3 M ZnCl. The frequencies of the N 2 isotopes in the samples were analyzed by mass spectrometry using the procedure of Davidsson et al. (1997) . Rates of denitrification of 15 NO and 14 NO were calculated by the method of Nielsen
(1992). The macrophytes were collected after the experiment, dried for 48 h at 85ЊC, and weighed. Macrophyte biomass in the chambers was on average (ϮSE, n ϭ 10) 0.53 Ϯ 0.022 g dry weight (DW), corresponding to 140 Ϯ 6 g DW m Ϫ2 , which is similar to biomasses of P. pectinatus that are commonly observed in shallow aquatic environments (van Wijk 1988; Prahl et al. 1991) .
We used repeated measures analysis of variance (ANO-VA) (von Ende 1993) to determine differences in O 2 , NO , Ϫ 3 NH , and nitrification, respectively, among treatments and ϩ 4 time periods. One-factor ANOVA was used to determine differences in denitrification among the treatments. Contrast tests (von Ende 1993) were done to examine whether the Table 2 . O 2 saturation (mean Ϯ 1 SE, n ϭ 5; %) before and after 6-h periods of light or darkness and rates of change in O 2 concentration during the periods of light and darkness, in microcosms containing shoots of P. pectinatus, sediment, or both shoots and sediment, respectively. Average rates (Ϯ1 SE, n ϭ 5; mg O 2 h Ϫ1 m Ϫ2 sediment surface area) are given. Average dark includes both periods of darkness (Ϯ1 SE, n ϭ 10). Total represents the mean rate of change in O 2 concentration during the whole incubation period, i.e., the difference between final and initial concentrations divided by 18 h. of light and darkness in chambers containing shoots of P. pectinatus, sediment, or both shoots and sediment, respectively. Average rates (Ϯ1 SE, n ϭ 5; mg N h Ϫ1 m Ϫ2 sediment surface area) are given. Average dark includes both periods of darkness (Ϯ1 SE, n ϭ 10). Total represents the mean rate of change in NO concentra-Ϫ 3 tion during the whole incubation period, i.e., the difference between final and initial concentrations divided by 18 h. Rates of change in NO concentration differed significantly among the treatments and 
macrophytes affected the microbial processes of nitrification and denitrification. Contrast tests were also conducted to compare nitrification in light and dark. Data were transformed to logarithms to meet the assumptions of ANOVA. However, when the data consisted of percentages, we used arcsine transformation (arcsine ͙p), where p is a proportion and ͙ is the square root. Differences were accepted as significant at the P Յ 0.05 level.
The submersed macrophytes produced conspicuous changes in the water chemistry of the aquatic microcosm systems. Low and high O 2 concentrations and high and low DIC at dark and light periods, respectively, were displayed in chambers with only macrophytes and with both macrophytes and sediment (Table 2 ). In the macrophyte chambers, the DIC concentration ranged between 8 mg C liter Ϫ1 in light and 16 mg C liter Ϫ1 in dark. In the chambers with only sediment, the DIC concentration ranged between 13 and 15 mg C liter Ϫ1 . The production and consumption rates of O 2 in the chambers with macrophytes (with and without sediment) were similar to those that have been recorded in shallow freshwaters with submersed vegetation (Table 2; Prahl et al. 1991) . During the experiment as a whole, there was a net production of NO in chambers with only macrophytes (with and without macrophytes; Table 3 ). In light, there was a net production of NO in chambers with macrophytes Ϫ 3 (with and without sediment) and a net consumption of NO in chambers that contained only sediment (Table 3 ). In (Table 3) . In all treatments, the rates of change in NO concentration were higher during the second than dur-Ϫ 3 ing the first dark period. Since the production of NO , i.e., Ϫ 3 nitrification, was similar during the dark periods, the differences in NO concentration between these periods were tending the denitrification zone with depth and not by increasing the specific activity of the denitrifying bacteria (Sørensen and Revsbech 1990) . In addition, the O 2 production in light resulted in extended penetration of O 2 into the sediment and biofilms, and since O 2 inhibits denitrification, NO could penetrate deeper during the light period without Ϫ 3 being used by denitrification (Sørensen and Revsbech 1990; Jensen et al. 1994) . O 2 is rapidly consumed after a light/dark switch, and denitrification will predominate (Sørensen and Revsbech 1990) . Because sediment and biofilms presumably contained more NO after the light period than before, there To accurately measure rates of bacterial N transformations and to determine the coupling between nitrification and denitrification, controlled short-term enclosure studies using isotope techniques are necessary (Mosier and Schimel 1993 ). An important limitation of chamber experiments is that enclosing a system more or less affects its functioning (Carpenter 1996). However, in the present study, the changes in been recorded in natural environments with abundant submersed vegetation (Pokorny et al. 1984; Prahl et al. 1991) . Sediment nitrification and denitrification were also in accordance with earlier studies. Furthermore, the consumption of NO showed the same pattern in all of the chambers, i.e., Ϫ 3 higher NO consumption during the second than during the Ϫ 3 first dark period, indicating that the treatments were comparable.
Denitrification was several times higher in chambers that contained sediment (with and without macrophytes) than in chambers with only macrophytes, indicating that the epiphytic microbial communities were of minor importance for denitrification (Table 4) . It has been shown in earlier studies that the level of denitrification can be relatively high in epiphytic microbial communities (Eriksson and Weisner 1996, 1997) . However, the low rates of epiphytic denitrification measured in the present study are not contradictory to the studies mentioned, because epiphytic communities may vary widely in their biomass composition and functioning within the same system (Eriksson and Weisner 1996; Strand and Weisner 1996) . In the present study, the majority of the added 15 NO was denitrified in the sediment. The sediment func-Ϫ 3 tioned almost as the sole source of 29 N 2 and 30 N 2 to the overlying water. The function of the sediment as the major site of denitrification is confirmed by the measurements of NO exchange. In the chambers with sediment, denitrifica-Ϫ 3 tion was of the same magnitude whether or not macrophytes were present. A conspicuous effect macrophytes have on the N metabolism of aquatic systems is the inhibition of denitrification in light by elevation of the O 2 concentrations of the water (Sørensen and Revsbech 1990; Weisner et al. 1994; Eriksson and Weisner 1996) . However, the results indicate that even though the macrophytes increased the O 2 level of the overlying water several folds, the sediment bacteria consumed O 2 at such an efficiency that the sediment denitrification could remain at a high level throughout the incubation.
Nitrification was several times higher in chambers with macrophytes (with and without sediment) than in chambers that only contained sediment, indicating that the epiphytic communities were the major sites of nitrification. Nitrification is most commonly the limiting step in the N removal process in wetlands or reservoirs used for wastewater treatment (Hammer and Knight 1994) . Submersed macrophytes may provide a positive benefit on the N removal in these environments by supplying a substratum for the establishment of nitrifying bacteria in the water column. The present study indicates that nitrifiers in microbial communities on the surfaces of submersed macrophytes can support higher rates of nitrification than sediment populations of nitrifiers. However, nitrification in epiphyton per unit shoot surface area was similar to that of the sediment per unit surface area. A macrophyte abundance of 140 g DW m Ϫ2 amounts to 22 m 2 shoot surface area m Ϫ2 , based on a value of 0.16 m 2 shoot surface g Ϫ1 DW (Eriksson and Weisner 1997), and a nitrification of 10 mg N h Ϫ1 m Ϫ2 therefore corresponds to 0.5 mg N h Ϫ1 m Ϫ2 shoot surface area. Nitrification was greater in the macrophyte chambers (with and without sediment) than in the chambers with only sediment, probably because the macrophytes provided more surface area for attached nitrifying bacteria than the sediment.
Nitrification was higher in light than in dark in the chambers that contained macrophytes (contrast test: F ϭ 7.5, P ϭ 0.018; Fig. 1 ). Nitrification was similar in light and dark in the chambers with only sediment (contrast test: F ϭ 2.8, P ϭ 0.14). The results indicate that the submersed vegetation, presumably by its photosynthetic O 2 production, stimulated biofilm nitrification in light. Sand-Jensen et al. (1985) showed that O 2 concentrations at macrophyte surfaces could change from zero in the dark to 2.5 times oversaturation in light, even if O 2 equilibration was maintained in the surrounding water. Moreover, respiratory activity causes a depletion of O 2 in the epiphyton within minutes after a light/ dark switch (Sand-Jensen et al. 1985) . The activities of the macrophyte-epiphyte assemblage can have large effects on the chemical conditions within the epiphytic communities. Nevertheless, in the present study, we found only a minor difference in nitrification between the periods of light and darkness. This indicates that although an elevation of the O 2 level in light promoted nitrification, the nitrifying bacteria could still maintain a high activity in darkness. Thus, the transport of O 2 from the surrounding water was sufficient to support nitrification in the epiphytic communities during the periods of darkness.
In the chambers with sediment (with and without macrophytes), 14 NO denitrification comprised a small part of the short-term experiment, never reach the same magnitude as Fig. 1 . Average rates of nitrification (Ϯ1 SE; mg N h Ϫ1 m Ϫ2 sediment surface area), during 6-h periods of light or darkness, in aquatic systems containing shoots of P. pectinatus (black bars), sediment (white bars), or both shoots and sediment (gray bars), respectively. The number of replicates differs because three samples were damaged when frozen, and the NO data of these samples
could not be used in the calculations of nitrification. Statistics are based on five replicates, if the number of replicates is not given on top of the error bars. Nitrification differed significantly among the treatments and among the different time periods (repeated measures ANOVA: treatment, F 2,9 ϭ 9.4, P ϭ 0.0063; time, F 2,18 ϭ 5.5, P ϭ 0.014; treatment ϫ time, F 4,18 ϭ 1.5, P ϭ 0.25).
15 NO denitrification. However, the 14 NO denitrification
comprised a much larger part of total denitrification in the chambers with only macrophytes than in the chambers with both macrophytes and sediment (Table 4) . Because nitrification was similar in these chambers, the ratio between 14 NO and 15 NO denitrification also ought to have been sim-
ilar. However, since it was not, 14 NO , which was denitrified transferred to the sediment. To avoid sediment resuspension or disruption of the epiphytic assemblages, the overlying water of the chambers was gently stirred by a spinning magnet, creating relatively small water movements. The water movements within the chambers were probably within the lower range of what is found in natural stands of submersed vegetation (Loose and Wetzel 1993) , which are exposed to windinduced water turbulence, currents, and the action of large biota such as fish and waterfowl. Sediment-water column exchange of nutrients increases with increasing water movements (Miller-Way and Twilley 1996). There is probably a higher transfer of NO produced within nitrifying biofilms on Ϫ 3 submersed macrophytes to the sediment and therefore also a better coupling between nitrification and denitrification in many natural environments with submersed vegetation than in the chambers. In conclusion, the rate of coupling between nitrification in epiphytic communities and denitrification in the sediment probably depends to a large extent on the hydrodynamic conditions of the aquatic system. Nitrification and denitrification require extremely different redox conditions. They are obligatory oxic and anoxic processes, respectively, and are therefore always spatially or temporally separated from each other. The present study indicates that submersed vegetation may be a link by which nitrification and denitrification can be efficiently connected. NO may be produced within the water column by microbial Ϫ 3 communities attached to submersed macrophytes and, by forces of mass flow or diffusion, enter the sediment in which it can be reduced to N 2 by denitrification. Furthermore, nitrification balanced denitrification when both macrophytes and sediment were present (i.e., the production rate of NO by nitrification in the epiphytic communities equaled Ϫ 3 the consumption of NO by sediment denitrification). Thus, Ϫ 3 the production of NO by epiphytic communities may sup-Ϫ 3 port denitrification in the underlying sediment.
In conclusion, the present study has displayed a pattern by which NH is nitrified in attached microbial communities ϩ 4 at the surfaces of submersed macrophytes, and NO is main-Ϫ 3 ly denitrified in the underlying sediment. In the presence of both macrophytes and sediment, rates of nitrification and denitrification were similar (Fig. 2) . The transformation of NH to N 2 by the sequential action of nitrification and de- ecosystems (e.g., wastewater treatment systems) by stimu- Fig. 2 . Nitrification (black bars) and total denitrification (white bars), during 18 h of incubation, in aquatic systems containing shoots of P. pectinatus, sediment, or both shoots and sediment, respectively. Average rates (Ϯ1 SE, n ϭ 5; mg N h Ϫ1 m Ϫ2 sediment surface area) are given.
lating nitrification through providing surfaces for the attachment of nitrifying bacteria and possibly also through the diurnal changes in the water chemistry occurring in the submersed vegetation. 
